Human Respiratory Syncytial Virus {#Sec1}
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Introduction {#Sec2}
------------

Human respiratory syncytial virus (RSV) and human metapneumovirus (MPV) are members of the family *Paramyxoviridae* of the *Mononegavirales* order, comprising the nonsegmented negative-strand RNA viruses. *Paramyxoviridae* has two subfamilies: *Paramyxovirinae*, which includes the parainfluenza viruses 1--4 and measles and mumps viruses, and *Pneumovirinae*, which includes RSV and MPV. *Pneumovirinae* has two genera: *Pneumovirus*, which includes human RSV, bovine respiratory syncytial virus, and pneumonia virus of mice, and *Metapneumovirus*, which includes human MPV and avian metapneumovirus, sometimes called avian pneumovirus.

Historical Background {#Sec3}
---------------------

RSV was isolated first in 1956 from an ill chimpanzee in a laboratory setting that had an illness similar to the common cold. A virus causing a similar cytopathic effect in cultured cells was recovered from infants with respiratory illness shortly after, and studies of human antibodies in the serum of infants and children indicated that infection was common early in life \[[@CR1], [@CR2]\]. Now it is known that RSV is the most common viral agent of serious pediatric respiratory tract disease worldwide. In most areas of the world, RSV is the most common cause of pneumonia and bronchiolitis in infants less than 1 year of age. RSV causes severe disease in young infants, but disease is not restricted to the early life period. The virus can cause severe lower respiratory tract illness in large numbers of elderly subjects and also in subjects who are severely immunocompromised such as hematopoietic stem cell transplant recipients \[[@CR3]--[@CR7]\].

Epidemiologic Analysis {#Sec4}
----------------------

### Mortality Data {#Sec5}

Mortality in infants and children caused by RSV is uncommon in developed countries with modern critical care units. Estimates of the mortality rate are about 0.3 % of hospitalized children or less. Mortality has been dropping over the last several decades, and by the late 1990s the estimated number of deaths in the USA was several hundred children a year or less \[[@CR8], [@CR9]\]. Large epidemiologic studies report that the US mortality in children may be only about 100 cases a year. Interestingly, while many providers think of RSV infection as principally a pediatric illness, there are over 17,000 deaths per year in the elderly, making them the highest risk population for death \[[@CR9]\]. In less developed countries, however, infant deaths due to RSV infection may be more common.

Infants with underlying illness are at highest risk among young children for morbidity and mortality from RSV infection. Infants with chronic lung disease requiring supplemental oxygen following treatment for prematurity, due to bronchopulmonary dysplasia, are perhaps at the highest risk for prolonged, severe, or fatal illness due to RSV \[[@CR10]\]. Infants with severe congenital pulmonary or cardiac disease have been reported to be at risk of death in 3--4 % of cases when hospitalized, although this rate is likely decreasing in the USA \[[@CR11]\]. Both children and adults with primary immunodeficiency or medically induced immunosuppression are at high risk of mortality due to RSV infection. The most severely immunocompromised, and thus those at highest risk of mortality, are hematopoietic stem cell transplant patients of any age \[[@CR12]\]. In some settings, the mortality rate of RSV infection in hematopoietic stem cell transplant patients with severe immunosuppression verges on 100 % \[[@CR12]\].

### Morbidity Data {#Sec6}

Hospitalization rates of infants for RSV disease vary with the setting, probably due to variations in exposure, genetics, socioeconomic, and other risk factors and due to the local practice style of medical providers. Many developed countries report hospitalization rates of about 1 in 100--200 infected infants during the first year of life \[[@CR13], [@CR14]\]. Studies of RSV disease in developed countries suggest that of those infants hospitalized, about 9 % require mechanical ventilation \[[@CR15], [@CR16]\]. There are certain populations at extraordinarily high risk of hospitalization with RSV, for example, Alaskan native infants younger than 1 year have been reported to have a hospitalization rate of 53--249 per 1,000 infants \[[@CR16]\]. Low socioeconomic status is a risk factor for higher rate of hospitalization in most areas.

RSV also is one of the most common viral causes of serious lower respiratory tract illness in the elderly, especially in institutionalized subjects \[[@CR17]\]. Exacerbations of chronic obstructive pulmonary disease (COPD) are frequently associated with RSV infection \[[@CR18], [@CR19]\]. The elderly do not exhibit a remarkably diminished level of antibodies to RSV \[[@CR20]\]. Decreased levels of T cell memory in the elderly and specifically in patients with (COPD) may contribute to the increased susceptibility to RSV infection in these populations \[[@CR21]\]. Many think of influenza virus as the principal viral respiratory pathogen in this population, but in a hospitalized cohort, influenza A virus and RSV infection resulted in similar mortality, lengths of stay, and rates of use of intensive care \[[@CR17]\]. RSV infection accounted for over 10 % of hospitalizations for pneumonia.

### Serological Surveys {#Sec7}

Seroepidemiology studies suggest that virtually all children are infected in the first 2 years of life, and early infection is especially common in infants attending group day care. Serological methods are helpful in epidemiology and vaccine studies, but serologies are not often used for diagnosis in clinical settings. Because of the transfer of maternal RSV-specific antibodies across the placenta, and the high prevalence of early infection, it is unusual to find infants who are RSV seronegative. In older children and adults, a fourfold rise in serum antibodies is often used as evidence of RSV infection, but asymptomatic infections in which viral shedding is low in titer often are not accompanied by serum antibody rises. Serological tests in infants are even less sensitive, because young infants may not exhibit a large or durable rise in antibodies. Neutralizing antibody tests are considered the best functional marker of infection, but sensitivity is much higher in antigen binding assays using individually purified RSV F or G proteins \[[@CR22]\].

### Laboratory Methods {#Sec8}

Isolation of the virus in cell culture provides a definitive test for diagnosis of active infection. Various methods of obtaining respiratory virus secretions for testing have been compared. Most studies suggested that aspiration or gentle flushing of nasal secretions using a solution like saline is best, though some types of nasal swab have given reasonable results. The virus is more thermolabile than most, and thus samples should be transported on wet ice to the diagnostic laboratory and processed rapidly. Prolonged times of transport to remote reference laboratories reduce the effectiveness of isolation. After inoculation onto susceptible cell culture substrates, highly trained staff can recognize cytopathology in the cell monolayers by visual inspection and conventional bright-field microscopy after about 3--7 days of incubation. Detection may be more efficient when using shell vial cultures and immunofluorescence \[[@CR23]\]. Various cell lines have been used for RSV detection, such as HEp-2 epithelial cells, MRC-5 fibroblasts, and rhesus monkey kidney cells, but the R-Mix commercial mix of human and mink lung cells may perform better for detection of RSV \[[@CR24]\].

Culture is expensive and requires highly trained staff and therefore is not usually available at the point of care, which is often an outpatient clinic or emergency department. Therefore, rapid diagnostic methods were developed for the detection of viral proteins or RNA in respiratory secretions. RSV antigen tests mostly rely on direct immunofluorescent assays (DFA) on exfoliated cells in secretions or enzyme immunoassay (EIA). Nucleic acid detection assays based on RT-PCR are now widely available for RSV, often in a multiplexed panel for detection of multiple respiratory virus pathogens. These tests are typically more sensitive than any of the virus isolation or protein-based detection assays discussed above. Enhanced sensitivity is especially helpful when testing adults, who often shed virus in very low titers. Positive RT-PCR tests need to be interpreted in the context of the clinical scenario, since the tests can remain positive for prolonged periods of time after infection, well beyond the period during which infectious virus can be isolated. Since children may experience symptomatic respiratory infections every few weeks during the winter, caution must be used in interpretation of positive PCR tests, especially when multiple viruses are detected simultaneously in a sample. Some instances of multiple PCR test positivity likely represent residual RNA from a previous virus infection and a second RNA type representing live virus from the active current infection.

RSV typically is propagated in monolayer cell cultures of continuous cell lines of human epithelial cell origin, such as HEp-2 cells. Monkey kidney cells of various types are also used commonly for propagation in the laboratory. In fact, the virus replicates to some extent in most cell lines of mammalian origin. In non-polarized epithelial cells, the virus often causes a typical cytopathic effect in which multinucleated giant cells form due to cell-cell fusion, termed cell syncytia. This in vitro effect is the origin of the virus name, although it is not clear that RSV causes syncytia in vivo. In polarized epithelial cells in culture, the virus assembles and buds from the apical surface of cells, mimicking to some extent the budding of virus into the lumen of the airway.

Biological Characteristics {#Sec9}
--------------------------

The virus has a negative-sense single-stranded RNA genome with 10 genes encoding 11 proteins. Figure [26.1](#Fig1){ref-type="fig"} compares the genomes of RSV and MPV, which are similar in many respects. Fig. 26.1Schematic of the genomic organization of respiratory syncytial virus and human metapneumovirus. Gene segments drawn roughly to scale

The replication proteins are common to both of the viruses, as are the matrix (M) protein and the surface fusion (F) and glycosylated attachment (G) glycoproteins. The gene order differs slightly, and RSV possesses two nonstructural (NS) genes NS1 and NS2 that are not present in MPV. The functions of these genes are not fully defined, but involve interactions with the host response machinery, especially interferons. The presence of these host response-modifying genes may explain in part why RSV appears to cause severe disease more commonly than MPV. Many of the gene sequences exhibit some clear global sequence relatedness; however, the extent of the relatedness of many of the sequences of corresponding proteins is relatively low. Based on sequence homology, it is not expected that there is a significant amount of immunologic cross-reactivity in responses to the two viruses.

The RSV virion buds from airway epithelial cells, incorporating host cell membrane as the lipid bilayer that forms the envelope of the particle. Since the virus is enveloped, chemicals that disrupt lipid bilayers (detergents) inactivate the virus, leading to the strong recommendations for healthcare provider hand washing following patient contact. The genome is a single strand of RNA, which forms a helical complex with the nucleoprotein (N). The final nucleocapsid structure likely is formed by the complete set of replication proteins, which also include the phosphoprotein (P) and the large RNA-dependent RNA polymerase (L). It is suspected that the M protein helps the particle to form by bridging the nucleocapsid and the lipid envelope with its incorporated surface proteins. The surface of the particle incorporates three integral membrane surface glycoproteins, the highly glycosylated RSV G protein suspected to be the attachment protein, the fusion protein F, and the small hydrophobic protein (SH). RSV F (a Type I integral membrane protein) and RSV G (a Type II integral membrane protein) form oligomers on the surface of the particles, which appear like small spikes with globular heads when seen in electron microscopic (EM) images by negative stain. The morphology of particles in EM images or in fluorescent microscopy images labeled by conjugated antibodies suggests that the virion particles are filamentous. However, spherical particles, filaments, and more pleomorphic forms have been observed; therefore, it is uncertain what the morphology of infectious particles in vivo during natural infection is.

The F protein is critical for entry into cells, by breaching the barrier of the cell lipid bilayer. It is thought that binding of virion particles to susceptible cells at physiologic pH triggers a conformational change of the F protein from a metastable pre-fusion state \[[@CR25]\] to an altered post-fusion conformation \[[@CR26], [@CR27]\] in which the hydrophobic fusion peptide in the protein is exposed and extended to insert into the host cell membrane. This membrane insertion event accomplishes a fusion of the viral and host membranes, allowing delivery of the nucleocapsid to the cytoplasm where viral replication occurs. This event is termed "fusion from without" when the particle enters a cell. An alternative fusion event ("fusion from within") occurs when newly expressed F protein on the surface of infected cells causes fusion of an infected cell to an adjacent cell in culture causing "syncytia." It is not certain whether this latter form of fusion (cell-cell fusion) occurs during natural infection and contributes to pathogenesis or if the formation of syncytia is a tissue culture phenomenon only.

Descriptive Epidemiology {#Sec10}
------------------------

Although there are many animal forms of RSV, there is no known animal reservoir of human RSV; close contact with infected humans is the only source of RSV infection.

### Incidence and Prevalence Data {#Sec11}

Early prospective studies showed that approximately half of infants in the USA are infected during their first year of life; most were infected after two winter epidemics \[[@CR28]\]. About a quarter of infants exhibit signs and symptoms of lower respiratory tract disease (wheezing and/or pneumonia) during a primary RSV infection \[[@CR14], [@CR28]--[@CR31]\]. RSV is the most common virus associated with hospitalization for respiratory illness and in fact is one of the most common of all causes of infant hospitalization. For example, RSV caused 13 hospitalizations per 1,000 US children younger than 1 year in one large study \[[@CR32]\]. During winter RSV epidemics, over 75 % of the children hospitalized for acute lower respiratory tract infection are infected with RSV \[[@CR33], [@CR34]\]. The rate of very severe disease in hospitalized infants is high, with about 2--5 % of hospitalized infants requiring mechanical ventilation for respiratory failure \[[@CR35]\].

### Risk of Infection and Reinfection {#Sec12}

Although primary infection of infants is probably most efficient, RSV can infect subjects of any age \[[@CR28], [@CR36], [@CR37]\]. Some adult infections are asymptomatic, and most are limited symptoms related to infection of the upper respiratory tract, such as the common cold \[[@CR28], [@CR36], [@CR38]\]. Since otherwise healthy adults all possess measurable RSV serum antibodies and RSV-specific T cells, it is clear that prior exposure and induction of immune responses may not prevent infection. However, disease severity is usually reduced after one or several infections early in life, thus immune effectors such as serum neutralizing antibodies do prevent severe disease during reinfections. Unlike influenza virus, RSV does not exhibit a progressive antigenic drift. Although RSV antigenic diversity is observed in field strains, diversity of the antigenic proteins is not required for RSV to cause reinfection \[[@CR39]--[@CR41]\]. Most experts believe that serum neutralizing antibodies protect against severe lower respiratory tract disease but do not result in sterilizing immunity against infection at the respiratory mucosa. Thus, healthy adults show signs and symptoms of the common cold in about half of cases of natural or experimental infections, even though they have experienced numerous previous RSV infections \[[@CR39]\].

There is a single serotype of RSV, but two antigenic subgroups of RSV, with about 25 % antigenic relatedness, have been defined using immune sera; the subgroups are designated A and B. Antigenic dimorphism for RSV had been noted in an early study \[[@CR42]\] and subsequently was delineated using MAbs, which identified extensive differences in the G protein and less extensive differences in F and other proteins \[[@CR43]\]. The two subgroups exhibit a three- to fourfold reciprocal difference in neutralization by polyclonal convalescent serum. Analysis of glycoprotein-specific responses in experimental rodent models or human infants by enzyme-linked immunosorbent assay (ELISA) with purified F and G glycoproteins showed that the F proteins are 50 % related antigenically and the G proteins are 1--7 % related \[[@CR44]\]. Consistent with this level of antigenic relatedness, F protein expressed by a vector immunization was equally protective in small animals against challenge with the homologous or heterologous subgroup virus, whereas the G protein was 13-fold less effective against the heterologous subgroup virus \[[@CR45]\]. Thus, the F protein is responsible for most of the observed cross-subgroup neutralization and protection. In some communities a pattern of infection with viruses of alternating subgroups has been described, but this is not a universal phenomenon. RSV subgroup B virus is more difficult to isolate and propagate in culture, so subgroup B viruses are less commonly associated with severe disease in some studies. However, clearly viruses of both subgroups can cause severe disease leading to hospitalization \[[@CR46]--[@CR50]\].

### Risk of Serious Lower Respiratory Infection (LRI) During Infancy {#Sec13}

Infants exhibit the highest risk of severe lower respiratory tract disease. This elevated risk is explained by a myriad of physiologic, immunologic, and other factors. First, the highest point of resistance in the airways is the bronchioles, and the resistance of airways is inversely proportional to the airway radius to the fourth power (resistance \~ 1/radius^4^, from Poiseuille's law). The bronchioles of infants are narrow, and inflammation and secretion in the bronchioles leads to turbulent airflow, and further reduction of the airway lumen size. These physical factors lead to the clinical signs of wheezing (a sign of outflow obstruction) and air retention. Increased respiratory rate can compensate to some extent for respiratory compromise, but prolonged tachypnea can lead to fatigue and eventual respiratory failure. Also, during primary infection infants do not possess active immunity to infection, which allow this efficient virus to replicate in the airway to titers as high as 10^7^ infectious particles per mL of secretion. Mothers pass RSV antibodies to infants across the placenta during the third trimester, but premature infants do not obtain maternal antibodies prior to 32 weeks' gestation. Also, the airways of premature infants are smaller than those of term infants. Another factor leading to respiratory difficulty is dehydration. Obstruction of the nasal passages with thick secretions can impede the feeding of infants, who are obligate nose breathers.

### Role of RSV Infections in Adults {#Sec14}

RSV also is an important cause of serious infection in elderly adults; in fact RSV appears to cause substantially more fatalities in elderly adults than in children \[[@CR17], [@CR51]\]. As above, a large study of the US population showed that RSV was associated with approximately 17,000 all-cause deaths per year among persons of all ages in the USA \[[@CR9]\], with most of those deaths in the elderly.

### Role of RSV in Infections with Underlying Cardiopulmonary and Other Medical Diseases {#Sec15}

Virtually any serious medical or genetic condition is associated with some increased risk of severe diseases \[[@CR32]\]. Certain particular categories of subjects are at highest risk for severe RSV disease, including infants with congenital heart or chronic lung disease, immunodeficient subjects of any age and the elderly \[[@CR9], [@CR10], [@CR17], [@CR33], [@CR52]--[@CR57]\]. These latter subjects are thought to have reduced competency of RSV-specific T cells. Prematurity increases risk to a small extent, but more importantly chronic lung diseases are important factors \[[@CR10], [@CR33], [@CR56], [@CR58]--[@CR62]\]. Infants who are born prematurely and then suffer persistent chronic lung disease, especially those needing oxygen supplementation, are at very high risk of hospitalization with RSV. Children with cystic fibrosis are at high risk of severe disease \[[@CR63], [@CR64]\]. In children younger than 2 years with cystic fibrosis, the consequence of RSV infection may be prolonged respiratory morbidity \[[@CR65]\]. Children with congenital heart disease also are at increased risk \[[@CR33], [@CR56], [@CR58], [@CR62], [@CR66], [@CR67]\].

### Role of RSV Infections in Patients with Immunodeficiency {#Sec16}

RSV is a common cause of severe respiratory disease in immunocompromised patients, including lower respiratory disease \[[@CR68]\]. Mortality rates in some populations of immunocompromised patients verges on 50 % \[[@CR7], [@CR69]\]. Infants with congenital severe combined immunodeficiency are at special risk \[[@CR57], [@CR70]\], but any acquired immunosuppressive condition such as cancer or transplantation puts patients at risk, especially when T cell function is compromised \[[@CR68], [@CR71], [@CR72]\]. RSV infection can cause severe lung disease in recipients of lung transplants, sometimes with a long-term outcome of obliterative bronchiolitis \[[@CR73]--[@CR75]\]. Children with HIV infection shed RSV for extended periods, but disease is not especially severe in HIV-infected children prior to onset of AIDS \[[@CR76]--[@CR78]\]. Interestingly, although most immunocompromised subjects appear to be at risk because of T cell problems, infants with phagocytic cell defects including those with interferon-γ receptor deficiency or chronic granulomatous disease also are at risk of severe RSV disease.

### Role of RSV in Nosocomial Infection {#Sec17}

Transmission of RSV in the hospital setting can lead to serious disease, especially in critical care units with neonates or other high-risk infants \[[@CR79]--[@CR86]\]. Nosocomial outbreaks in inpatient transplantation facilities are sometimes severe and unit outbreaks can be difficult to terminate because transplant patients can shed RSV for many months \[[@CR57], [@CR58], [@CR69], [@CR84], [@CR87], [@CR88]\]. Theoretically, transmission in inpatient healthcare settings should be preventable through strict compliance with infection control practices, especially hand washing and contact precautions, which are universally recommended for RSV patients. A high level of compliance with precautions is difficult to achieve in busy care settings but is needed to prevent transmission by healthcare providers. The use of the prophylactic monoclonal antibody palivizumab has been studied to interrupt an outbreak in a neonatal intensive care unit setting \[[@CR89]\], but currently palivizumab use is not recommended for this purpose.

### Role of RSV in Otitis Media {#Sec18}

Bacterial otitis media is a common complication of RSV upper respiratory tract infection. In fact, RSV infection is probably the most common precipitating factor associated with otitis media. RSV antigens and nucleic acids have been reported in middle ear fluids \[[@CR90], [@CR91]\]. The disease is predominantly due, however, to Eustachian tube dysfunction, resulting in bacterial stasis in the middle ear and subsequent otitis media.

### Epidemic Behavior {#Sec19}

RSV regularly occurs in annual epidemics. The US National Respiratory and Enteric Virus Surveillance System (NREVSS) considers that the RSV season starts when the first of two consecutive weeks during which the mean percentage of specimens testing positive for RSV antigen is ≥10 %. The RSV season is considered to have ended in a community when the mean percentage of positive specimens is ≤10 % in reference laboratories for two consecutive weeks.

### Geographic Distribution {#Sec20}

RSV infection occurs in infants and adults worldwide, in yearly epidemics. The virus has been isolated in every area of the world in which surveillance studies have been conducted. The principal season varies depending on the climate and region, but infection is ubiquitous. Virtually all children in the world are infected within the first few years of life.

### Temporal Distribution {#Sec21}

Epidemics occur in the winter and early spring in the USA. Onset of the annual epidemic varies by region of the country and by year but typically begins in the USA in October or November and lasts through late spring. Within a region, the timing of RSV season changes slightly each year. Florida often has the earliest onset of RSV epidemic and the longest lasting season in the USA. Near the equator, infections may be more common during rainy season.

### Occurrence in Different Settings {#Sec22}

During community outbreaks of RSV, the venues with the highest level of young infants and children exhibit the highest rates of transmission of virus, especially large families and day-care settings with large numbers of children per room. Hospital infection control practices must be used to prevent RSV spread, using measures including careful hand hygiene, contact precautions for patient isolation, gowns and gloves \[[@CR92], [@CR93]\], and, when direct coughing occurs, facemasks and goggles \[[@CR94], [@CR95]\]. RSV rapid diagnostic testing can be used in hospital infection control practice to identify RSV-infected patients during the admission process \[[@CR96], [@CR97]\]. RSV is shed for prolonged periods. It has been reported that 92--100 % of hospitalized children are still shedding infectious virus after 7 days \[[@CR98], [@CR99]\].

### Environmental Risk Factors {#Sec23}

Exposure to tobacco smoke and poor nutrition increase the incidence of disease \[[@CR100]--[@CR102]\]. Low socioeconomic status increases the risk of severe disease for uncertain reasons. Lower income populations exhibit a five- to tenfold increased risk of hospitalization in many studies \[[@CR14], [@CR32], [@CR103]\].

### Other Factors {#Sec24}

Breast-feeding may confer some protective benefit against RSV disease, but the extent of the benefit of breast-feeding has been controversial. The results of epidemiologic studies on benefit have been conflicting, although recent studies suggest that breast-feeding may have a strong protective effect only in girls \[[@CR104]\]. The sex of the infant modulates the severity of RSV infection for additional reasons that are not fully understood. Even though the same high proportion of both male and female infants become infected, males have a higher incidence of RSV lower respiratory tract disease than girls \[[@CR30], [@CR32], [@CR105]--[@CR108]\]. Ethnic and genetic factors appear to play a role. Alaska and other Native American children are at increased risk of severe respiratory disease during RSV infection \[[@CR109]\].

Mechanisms and Routes of Transmission {#Sec25}
-------------------------------------

Direct contact with secretions from an infected human, usually by fomites (contaminated objects, including hands), allows transmission of virus. In some cases, infected subjects may inoculate contacts at short distance by coughing via large-particle droplets. However, the virus is not spread efficiently by small-particle aerosols \[[@CR110], [@CR111]\]. The nasal and conjunctival mucus membranes are probably the most common portals of entry \[[@CR112]\]. RSV is one of the most infectious viruses spread by contact, and transmission is very efficient even among subjects who possess partial immunity due to prior infection. Spread among family members and day-care contacts is especially common. The infectious doses for humans are probably only a few infectious particles per mL of respiratory secretions, but infants routinely shed at least a millionfold higher concentration of virus during the peak of illness. The incubation period is not known definitely but is about 3--6 days and likely varies according to the intensity of exposure and the amount of virus in the inoculum. The period of viral shedding is many days; infants can shed infectious virus for weeks \[[@CR98], [@CR99]\]. RSV can survive on hard surfaces for greater than 24 h.

Pathogenesis and Immunity {#Sec26}
-------------------------

Infection occurs by inoculation of the nasal or conjunctival mucosa, often by self-inoculation with infected secretions from a close contact. Adult volunteers were infected experimentally if virus was inoculated onto the conjunctival sac or into the nose, but not following introduction into the mouth \[[@CR112]\]. The incubation period from time of inoculation to onset of illness for RSV is likely about 4--5 days \[[@CR113]\]. Virus replication initiates in the nasopharynx and rapidly can reach concentrations of over a million particles per mL in the upper airway in children. Adults, who are partially immune, typically shed much lower amounts of virus. Virus spreads quickly to the lower respiratory tract, often causing symptoms within days of onset of upper respiratory symptoms. Virus may spread from cell to cell, but also it is likely that small aspirations of upper respiratory secretions with virus inoculate the lower tract.

Higher titers of virus in respiratory secretions usually are associated with increased severity of disease, in prospective studies of natural infection \[[@CR114]\] or of clinical vaccine trials \[[@CR115]\]. RSV infection is an acute infection and virus shedding usually resolves within days to weeks. RT-PCR tests for virus nucleic acid may remain positive for prolonged periods. Some animal studies suggest that a negligible amount of infectious virus may persist in airways far after apparent resolution of shedding, as evidenced by the recovery of low amounts of infectious virus during immunosuppression several months after infection \[[@CR116]\].

The virus infects respiratory epithelial cells in the lung and airway. It is not clear whether RSV also replicates productively in macrophages and dendritic cells in the airway or not. RSV protein antigens have been detected in circulating mononuclear cells \[[@CR117]\], and viral genomic RNA and mRNA have been detected by RT-PCR in blood cells \[[@CR118]\], but this probably represents cells from the airway recirculating, as infectious virus in the blood (viremia) is not detected. RSV replicates in the cells at the luminal surface of the respiratory epithelium and virus both enters and is shed from the apical surface of infected epithelial cells \[[@CR119], [@CR120]\]. Studies of polarized, differentiated respiratory epithelial cells in vitro show that RSV infection preferentially infects ciliated cells at the luminal face \[[@CR121]\], but it is not clear if infection is restricted to such cells in humans. Histopathology studies of infected humans are very limited, but show RSV antigens in the superficial cells of the airway in a patchy distribution, with antigen-positive cells and debris in the airway lumen.

Pathology caused by RSV infection during infant bronchiolitis includes necrosis and proliferation of the bronchiolar epithelium and destruction of ciliated epithelial cells \[[@CR120], [@CR122]\]. There is an influx of a large variety of immune cell types including neutrophils, lymphocytes, and macrophages. The respiratory tissues become edematous. Mucous secretion, sloughing of dead cell debris, and the influx of apparent inflammatory cells obstruct the lumen of the narrow bronchioles and alveoli. The small diameter of infant bronchioles is easily obstructed in the presence of dead cells and edema of the airway tissues \[[@CR123]\]. Virus-infected cells can be identified in the epithelium of the bronchi, bronchioles, and alveoli \[[@CR120]\]. It is surprising, given the extent of disease, that RSV antigen staining is usually patchy or focal, and even in some cases of fatal RSV bronchiolitis, antigen is present only in small amounts \[[@CR119], [@CR120]\]. The number of cases that have been collected is limited, however, and there is virtually no histopathology from milder cases.

RSV upper respiratory infection is complicated frequently by otitis media caused by bacteria. It is unusual to observe frank bacterial pneumonia or sepsis as a complication of RSV infection, in contrast to some other respiratory viruses like influenza. Although some clinicians may empirically use antibiotics during infant pneumonia, there is no evidence that antibiotic therapy alters the course of RSV bronchiolitis or pneumonia. Antimicrobial therapy should not be used in most cases of RSV bronchiolitis or pneumonia because of the lack of benefit and risk of selection of antibiotic-resistant colonizing organisms. Nevertheless, there is some suggestion that bacterial-viral interactions may affect the overall rate of disease in the population. It is interesting that annual RSV and influenza virus epidemics correlate directly with the time of peak incidence of invasive pneumococcal disease in many population studies \[[@CR124]\]. A double-blind, randomized, placebo-controlled trial of pneumococcal conjugate vaccine showed a vaccine-attributable reduction in rates of childhood viral pneumonia requiring hospitalization, caused by any of seven respiratory viruses, including RSV \[[@CR125]\].

The immune mechanisms responsible for resolution of infection and protection against reinfection by RSV are not fully defined.

*Antibodies*. Most experts agree that high levels of serum neutralizing antibodies are associated with relative protection against severe lower respiratory tract disease in otherwise healthy subjects. This idea is supported strongly by the observation that prophylaxis of high-risk infants with a neutralizing monoclonal antibody prevents about half of hospitalizations in that group of patients. Many population studies suggest that infants born with high levels of transplacental RSV-neutralizing maternal antibodies develop milder illness or illness at an older age than infants with low maternal antibody levels \[[@CR15]\]. Most infants and children in whom maternal antibodies have declined to a low level make their own serum and secretory antibodies to both the F and G surface glycoproteins in response to RSV infection \[[@CR126]\]. Antibody responses in neonates are particularly low in quality and magnitude due to immunologic immaturity and the suppressive effect of passively acquired maternal antibodies \[[@CR126], [@CR127]\]. Antibody-mediated immune suppression by passive antibodies primarily affects humoral rather than cell-mediated immunity \[[@CR128], [@CR129]\]. High levels of serum antibodies do not appear to provide solid immunity against disease in the upper respiratory tract. Mucosal secretory IgA appears to contribute to local protection against reinfection in the airway, although potent protective IgA responses are likely relatively short lived. In human infants, the decrease in virus shedding in nasal secretions was associated with the appearance of RSV-specific IgA antibodies \[[@CR130]\].

*T Cells*. T cells clearly play a major role in resolution of active infection. RSV-specific T cells with cytolytic activity, thought to be CD8+ T cells, have been detected in peripheral blood mononuclear cells from infants with RSV disease \[[@CR131]\]. Immunodeficient children, especially those with T cell defects, often fail to clear RSV infection and can shed virus for many months \[[@CR57]\]. Adults with leukemia or hematopoietic stem cell transplant also have a very high incidence of prolonged RSV infection leading to severe disease and sometimes death.

Patterns of Host Response {#Sec27}
-------------------------

### Symptoms {#Sec28}

RSV infection usually causes upper respiratory tract symptoms during primary infection in otherwise healthy term infants; asymptomatic primary infection is not common. There is often profuse rhinorrhea, and the upper tract disease is very often complicated by otitis media. Symptoms of lower respiratory tract involvement occur in about a third of primary cases \[[@CR28]\]. The principal diagnoses are bronchiolitis (manifested by tachypnea and wheezing) and pneumonia. These entities are probably not discrete processes but more likely represent a continuum of disease involving increasing tissue distribution. The typical illness starts with nasal congestion, followed in a few days by cough. The infection is sometimes associated with fever, which is usually low grade. After several days of upper tract symptoms, infants may wheeze. Many infants suffer mild wheezing that resolves, but some cases progress with tachypnea, diffuse inspiratory crackles, and expiratory wheezes. Most children recover in 1--2 weeks with supportive care and observation. If expiratory obstruction becomes severe, however, hyper-expansion of the chest occurs due to air retention, and the compliant nature of the infant chest wall leads to intercostal and subcostal retractions during tachypnea. With prolonged tachypnea, fatigue may occur with poor oxygenation and CO~2~ retention (measured by pulse oximeter or arterial blood gas measurement), markers of respiratory failure. Intubation and mechanical ventilation is used in this setting to manage the respiratory failure.

Infection during the first day or weeks of life may just be characterized by temperature instability or fever, irritability, and lethargy even in the absence of overt respiratory signs or symptoms. In very young infants, especially those born prematurely, apneic spells may occur in response to RSV infection. Apnea may be the first reported evidence of infection in some cases, and apneic spells may recur during the acute infection. These events thankfully are usually self-limited and rarely cause neurologic damage. Apneic events are an indication for hospitalization and careful medical supervision with respiratory monitoring. Because of the association with apnea, some have considered whether RSV is associated with sudden infant death syndrome (SIDS). Although RSV has been detected in the lung tissues of some cases of SIDS, there is no statistically significant association between RSV and SIDS. The reported cases likely reflect a temporal association caused by the high prevalence of RSV in this age group, the prolonged pattern of shedding, and the simultaneous peak incidence of both RSV infection and SIDS in winter months \[[@CR132]\].

It is not clear whether infection with RSV causes prolonged abnormal pulmonary function during childhood or whether children with underlying predisposition to lower respiratory tract disease of all causes manifest their susceptibility first to RSV because of the young age of RSV infection. Certainly measureable pulmonary function abnormalities are common after RSV lower respiratory tract disease, and these findings may persist for a decade or more \[[@CR133]\]. Recurrent wheezing is common during subsequent viral infections after severe RSV bronchiolitis or pneumonia, with an incidence of 10--50 % \[[@CR134]\]. A large case-control study of 200 children hospitalized for bronchiolitis or pneumonia in which RSV was the most common cause found that 7 years later there was a strong predisposition in these subjects toward decreased pulmonary function, recurrent cough, wheezing, and bronchitis \[[@CR135]\]. Seminal prospective studies by Martinez et al. involved measurement of pulmonary function in infants at birth and then found a strong correlation between prior lower pulmonary function and the development of wheezing during RSV infection \[[@CR136]\]. This correlation persisted in children during the first 3 years of life \[[@CR136]\]. Even some individuals who do not typically exhibit recurrent wheezing have postexercise or pharmacologically induced bronchial reactivity \[[@CR137]\], which may be responsive in part to bronchodilators \[[@CR134]\].

Symptomatic upper respiratory tract RSV infections manifested by common cold symptoms are common in otherwise healthy adults, especially in those with frequent exposure to small children \[[@CR80]\]. In the elderly, particularly those with underlying medical diseases, severe pneumonia may occur, leading to hospitalization or even death.

### Diagnosis {#Sec29}

Astute clinicians can often make a presumptive diagnosis of infection based on the clinical signs of wheezing or pneumonia in an infant during a local epidemic. Laboratory testing of nasal or lower airway secretions by antigen test (ELISA) or nucleic acid detection (by RT-PCR) provides rapid diagnosis of the presence of virus in many cases. The gold standard for diagnosis is isolation of the virus in cell culture, but this test is typically only available in referral laboratories because of the need for extensive equipment and a high level of technical expertise.

Control and Prevention {#Sec30}
----------------------

### Treatment {#Sec31}

#### Medical Treatment {#Sec32}

Primary treatment is supportive care, which includes oral or intravenous hydration; monitoring of respiratory status, especially of oxygen saturation during tachypnea; use of supplemental oxygen; removal of secretions from the upper airway; and, in the case of respiratory failure, intubation and mechanical ventilation. Advances in support care in pediatric critical care units have caused a major decrease in morbidity and mortality from RSV in the developed world. Infants hospitalized for RSV disease should be monitored for apnea. Investigators have studied nitric oxide \[[@CR138], [@CR139]\] mixtures of helium and oxygen \[[@CR140], [@CR141]\] and surfactant treatment \[[@CR142]\] in clinical experimental studies in the support of infants with severe RSV disease. Nitric oxide treatment does not appear to mediate a bronchodilator effect during RSV infection \[[@CR139]\].

#### Antivirals {#Sec33}

Therapy of RSV disease by any antiviral agent is challenging because it is a rapid acute infection, and by the time the onset of disease is recognized, it may be too late to alter the course of disease by reducing viral load. The guanosine (ribonucleic acid) analog ribavirin is a nucleoside inhibitor that inhibits viral RNA synthesis and viral mRNA capping. The drug has in vitro antiviral activity against RSV, and aerosolized ribavirin therapy has been associated with a small but statistically significant increase in oxygen saturation during the acute infection in several small studies. Decreases in mechanical ventilation and duration of RSV-associated hospitalization have not been proven (reviewed in \[[@CR143]\]). Ribavirin was approved in 1986 in the USA for treatment of RSV infection \[[@CR144]\]. Clinically, the drug usually is administered as a small-particle aerosol using a tent, mask, or mechanical ventilator, delivered for 6--18 h daily for a period of 3--7 days. The drug now is not recommended for routine use because follow-up studies have not shown a major benefit. The drug may be considered for use in select patients with documented, potentially life-threatening RSV infection. Over a dozen other experimental small molecule inhibitors of RSV fusion to cells have been described and tested in preclinical studies for inhibition of RSV, but none have progressed in development to date. A third approach employs short interfering RNAs (siRNAs), taking advantage of an ancient host cell regulatory system. Single-stranded and double-stranded RNA molecules that exhibit RSV-specific small interfering RNAs have been developed for treatment, which cause RNA interference activity against RSV, destroying the corresponding RSV RNA. These novel compounds have shown promising results in preclinical studies \[[@CR145]\] and have been tested in small clinical trials. Human immune globulin with a high titer of RSV antibodies and the RSV monoclonal antibody palivizumab have been tested as therapy of acute RSV disease, but they were not effective for treatment of established disease.

#### Anti-inflammatories {#Sec34}

Anti-inflammatory strategies have been investigated. No benefit of corticosteroid therapy on disease severity or length of hospital stay has been demonstrated, despite studies in over a dozen randomized clinical trials of outpatients or hospitalized infants with RSV bronchiolitis. Since the drug is of no benefit on its own \[[@CR146]\] and may prolong virus shedding, it is not recommended. In the future, a possibility might be to combine an effective antiviral treatment with an anti-inflammatory agent \[[@CR147]\].

#### Antibiotics {#Sec35}

Intravenous antimicrobial therapy is not appropriate in hospitalized infants with RSV bronchiolitis or pneumonia unless there is clear evidence of secondary bacterial infection. Otitis media occurs very often in infants with RSV bronchiolitis; oral antimicrobial agents can be used for therapy of otitis media if necessary.

#### Bronchodilators {#Sec36}

It is intuitive to think of using beta-adrenergic agents, commonly used for the treatment of asthma, to treat the wheezing associated with RSV infection. These agents are not usually recommended for routine care of first-time wheezing associated with RSV bronchiolitis. Short-term improvements in oxygenation and clinical scores can be achieved by these therapies, but it has not been established that their use results in improvements in duration or severity of illness or disease outcomes. Studies in this area have been conflicting, but systematic reviews of randomized clinical trials of nebulized beta-agonist therapy for treatment of bronchiolitis suggest that they offer little benefit \[[@CR148], [@CR149]\]. Alpha-adrenergic receptor stimulation results may decrease interstitial and mucosal edema \[[@CR150]\], and use of nebulized epinephrine (with combined alpha- and beta-adrenergic activity) has been studied with conflicting results \[[@CR151], [@CR152]\]. Alpha-agonist stimulation of the sympathetic nervous system is expected to reduce capillary leakage by constricting precapillary arterioles, reducing hydrostatic pressure and consequently bronchial mucosal edema \[[@CR150]\]. Racemic epinephrine treatment relieves some respiratory distress but does not affect length of stay \[[@CR153]\]. The usefulness of such agents in the management of RSV bronchiolitis is not clear.

### Prevention and Immunoprophylaxis {#Sec37}

The most effective mode of prevention is to avoid contact with infected subjects. In the hospital setting, careful adherence to infection control practices is important for the protection of high-risk patients from RSV infection. Careful hand washing may reduce transmission in family and day-care settings. Pharmacologic intervention is indicated to prevent hospitalization for the highest risk infants, however. Passive RSV immunoprophylaxis with antibodies has proven a costly but relatively effective intervention. Parenteral infusion of RSV-neutralizing antibodies into experimental animals was shown early on to confer substantial resistance in the respiratory tract to a subsequent RSV virus challenge \[[@CR154]\]. Significant reductions in RSV-associated hospitalizations and disease severity in high-risk human infants were first accomplished with prophylactic administration of human immunoglobulin with high RSV-neutralizing activity given by the intravenous route (RSV-IVIG; FDA licensed in 1996) \[[@CR155], [@CR156]\]. Monthly intravenous infusions during the RSV season reduced the frequency of pediatric hospitalization and duration of stay by approximately 55 % and decreased the number of days spent in intensive care by 97 %. The use of RSV-IVIG was superseded by the use of a monoclonal antibody (MAb) that was developed subsequently that could be given by intramuscular route, and production of the former has been discontinued. Several MAbs were developed for immunoprophylaxis against RSV. The most successful of these was based on murine MAb 1129 \[[@CR157]\], which is specific to the F protein and efficiently neutralizes viruses of both RSV subgroups A and B. This MAb was humanized by recombinant methods by transferring its variable regions onto a human IgG1 backbone, resulting in a recombinant antibody now named palivizumab \[[@CR158]\]. This MAb is 50--100-fold more effective for in vitro neutralization on a per weight basis than was RSV-IVIG, and thus the total amount of immunoglobulin administered could be reduced to an amount that could be given IM. Palivizumab (trade name Synagis) was licensed in 1998 for RSV prophylaxis of high-risk infants, following studies demonstrating its safety and efficacy \[[@CR159]--[@CR162]\]. Palivizumab is administered monthly through the RSV season and has been widely used in high-risk patients with prematurity, chronic lung disease, and hemodynamically significant heart disease \[[@CR163]\]. More potent derivatives of this recombinant antibody have now been developed \[[@CR164]\]; however, the lead candidate from these affinity maturation efforts exhibited increased side effects in a large efficacy study.

### Vaccines {#Sec38}

Prevention of severe disease probably will best be accomplished by development and use of an effective vaccine. Vaccine development for RSV has proven exceptionally difficult, however. First, young infants are a difficult population to immunize. Obstacles to immunization at this early age include immunologic immaturity and immunosuppression by maternal antibodies, as already noted \[[@CR165]\]. Also, severe adverse events occurred in early RSV vaccine trials. A formalin-inactivated RSV vaccine candidate (FI-RSV) was developed and evaluated in infants and children in the 1960s \[[@CR166], [@CR167]\]. This vaccine suspension was made by mixing concentrated, inactivated virus with alum adjuvant and was delivered by the intramuscular (IM) route. This inoculation did not protect against infection or disease, but rather during subsequent natural infection vaccinees experienced more frequent and severe disease. Most FI-RSV vaccinees (80 %) required hospitalization during subsequent natural infection, compared to 5 % in the control group. Autopsies of two fatalities showed evidence of RSV replication and pulmonary inflammation \[[@CR167]\]. This event put a chilling effect on RSV vaccine development efforts. Therefore, RSV protein vaccines have been problematic for use in infants given their possible potential for disease enhancement, together with the poor immunogenicity in this population.

However, an RSV protein vaccine might be useful in boosting immunity in RSV-experienced older children and adults who are at increased risk of severe RSV disease due to underlying disease or advanced age. Protein vaccines for RSV have been evaluated clinically for use in such RSV-experienced individuals, in whom they appear to be safe. One experimental subunit vaccine consisted of purified F protein (PFP) isolated from RSV-infected cell culture. This purified protein vaccine candidate was evaluated in adults, in older children with and without underlying medical diseases, and in the elderly \[[@CR168]\]. The PFP vaccine candidate was well tolerated and moderately immunogenic in these settings. A large multicenter study in children 1--12 years of age with cystic fibrosis did not provide evidence of significant protection against RSV infection \[[@CR169]\]. PFP also has been evaluated for maternal immunization in the third trimester of pregnancy. In the single study to date, the increase in antibody titers was only minimal \[[@CR170]\]. Maternal immunization studies are being pursued currently with newer non-replicating vaccine candidates such as emulsion vaccines \[[@CR171]\] and nanoparticle protein preparations \[[@CR172], [@CR173]\].

Live-attenuated vaccines represent an attractive strategy for preventing RSV, since live infection induces a balanced immune response that is not associated with enhanced disease on subsequent natural infection. Many live-attenuated RSV vaccine candidates have been developed over several decades. It has proven difficult to identify a candidate that is satisfactorily attenuated while remaining satisfactorily immunogenic in the youngest infants. Clinical trials of a safe, live-attenuated RSV vaccine for intranasal administration have shown restriction of viral replication in infants following administration of a second dose and have been encouraging \[[@CR174]\], and additional attenuated vaccine candidates are being developed \[[@CR175]\].

Unresolved Problems {#Sec39}
-------------------

Despite over 50 years of research on RSV, many challenges and questions remain. There are many unanswered fundamental questions about the biology of the organism and the pathogenesis of disease. Why does reinfection occur throughout life? What are the definitive mechanisms of immunity in humans? Is there a genetic basis for susceptibility to severe disease? Does severe RSV disease cause asthma? What drives the seasonality of RSV?

The mortality in infants has been greatly reduced in the USA through advances in critical care, but little RSV-specific intervention is available. Currently, there is little to offer for therapy except for supportive care. Prophylaxis of high-risk infant with a MAb prevents some hospitalizations but is expensive and is not always effective. There are no licensed vaccines. Given the disaster of early FI-RSV trials, it is not clear that a non-replicating vaccine can be proven safe enough in preclinical models to absolutely assure that enhanced disease will not occur. On the other hand, the explosion of new technologies for generation of recombinant RSV strains, the determination of pre- and post-fusion antigen structures, and new tools for the detailed study of the molecular and genetic basis of human immune responses suggest that much progress will be made in the RSV research field in the coming years.

Human Metapneumovirus {#Sec40}
=====================

Introduction {#Sec41}
------------

Human metapneumovirus (HMPV, MPV) is a paramyxovirus isolated in 2001 from Dutch children with acute respiratory infection (ARI). Epidemiologic studies have since confirmed that MPV is a leading cause of upper and lower respiratory infection in children and adults worldwide. MPV causes many hospitalizations annually in young children and presumably deaths in developing nations. Children with comorbid conditions including prematurity, immune compromise, and chronic cardiopulmonary disease are at higher risk for severe disease. However, the majority of MPV-associated hospitalizations occur in otherwise healthy infants and children. Conversely, while MPV is associated with severe lower respiratory infection in adults at rates similar to those of influenza virus and RSV, almost all of the MPV infections in this population are in patients with comorbidities. MPV causes predictable annual outbreaks with late winter-early spring predominance in temperate regions. Substantial progress has been made in defining the biology, pathogenesis, and immunology of the virus. Small animal and nonhuman primate models of MPV have been developed and used to elucidate mechanisms of immunopathogenesis and test candidate vaccines. A variety of vaccine approaches against MPV are under study, including recombinant subunit, vectored, and live-attenuated vaccines. Human and murine monoclonal antibodies have been generated that exhibit potent in vivo efficacy in rodent models. A subset of integrins with a binding site for a natural ligand that contains an Arg-Gly-Glu (RGD) motif (RGD-binding integrins) has been identified as receptors that mediate MPV attachment and entry via an RGD motif in the MPV fusion protein. Remarkable scientific progress has been made during the decade since the discovery of MPV.

Historical Background {#Sec42}
---------------------

MPV was discovered by investigators in the Netherlands who cultivated specimens from children with respiratory infection on a variety of cell types \[[@CR176]\]. A hitherto unknown virus produced cytopathic effects (CPE) in tertiary monkey kidney cells, but could not be identified by antibody staining or RT-PCR for common viruses. Electron microscopy of infected cells revealed pleomorphic enveloped particles with surface projections suggesting protein spikes, while biochemical experiments showed that the virus contained a lipid envelope and did not hemagglutinate avian or mammalian red blood cells. Elegant randomly primed RT-PCR experiments yielded multiple fragments of genome, which sequence analysis identified as related to avian metapneumovirus (AMPV).

AMPV (formerly turkey rhinotracheitis virus), identified in 1979, is an important global pathogen of poultry including turkeys and chickens \[[@CR177]\]. There are four serotypes of AMPV (A--D), and MPV is most closely related genetically to AMPV-C \[[@CR178]\]. Phylogenetic analysis shows that MPV likely diverged from AMPV-C \~200 years ago and thus MPV is of zoonotic origin \[[@CR179], [@CR180]\]. However, MPV exhibits extremely restricted or no replication during experimental infection of chickens or turkeys and thus is a true human pathogen \[[@CR176]\]. Human poultry workers exhibit serological evidence of asymptomatic infection with AMPV, providing evidence for the feasibility of an original trans-species transmission event \[[@CR181]\].

While recently identified, MPV is not truly a new virus. Studies using archived sera collected in the 1950s revealed a 100 % seroprevalence in humans greater than 5 years old \[[@CR176]\]. Nasal washes collected prospectively during the 1970s from children with ARI had detectable MPV RNA upon retrospective testing by RT-PCR 25 years later \[[@CR182]\]. The specialized cell culture requirements, slow growth, and limited CPE of MPV likely prevented the earlier discovery of this common respiratory pathogen.

Methods for Epidemiologic Analysis {#Sec43}
----------------------------------

### Sources of Mortality Data {#Sec44}

Limited mortality data are available and consist of sporadic case reports, case series, or the identification of fatal cases of MPV infection in research studies. MPV is not a reportable infection and there is no specific ICD-9 diagnostic code. Thus, an accurate estimate of the mortality associated with MPV is not feasible. However, lower respiratory infections are a leading cause of death in children worldwide, primarily in developing nations. MPV is a common cause of severe lower respiratory infection and thus likely accounts for a substantial number of deaths globally.

### Sources of Morbidity Data {#Sec45}

A substantial body of literature has accumulated in the last decade describing the epidemiology, disease burden, and clinical features of MPV. Many groups have used standard techniques to provide some estimate of the burden of MPV in diverse populations. Most reports have been cross-sectional studies of selected populations, usually based on convenience samples of patients with acute respiratory illness. These studies are thus limited by potential selection bias, narrow time periods, and incomplete demographic or clinical data and often lack controls. Nonetheless, the broad application of these studies to sizable global populations has illuminated the frequency of MPV infection. Many of these studies have focused on special populations, such as patients with asthma, immune compromise, or chronic obstructive pulmonary disease (COPD), and thus offer valuable information about MPV among these persons.

A number of prospective, well-designed studies in adults and children have been published and offer the best estimates of the population-based incidence of MPV infection. Some of these used preexisting prospective data and samples collected prior to the discovery of MPV for retrospective analysis. Classical methods including active day care and clinic surveillance, as well as newer approaches such as home surveillance with parent-collected swabs, have been used. These studies have been built upon the foundations of seminal longitudinal studies conducted to investigate other viruses including influenza, parainfluenza viruses, and RSV. Taken together, these reports provide a broad survey of MPV epidemiology across diverse geographic environments, socioeconomic populations, and high-risk groups.

### Serological Surveys {#Sec46}

Seroprevalence studies using diverse methods have been performed in different populations. Most have used enzyme-linked immunosorbent assay (ELISA) techniques against whole virus or purified proteins to detect IgM or IgG. A few have used immunofluorescent detection of MPV-specific antibodies or measured serum virus-neutralizing antibodies. These data have mainly been useful in determining the ubiquity of infection with MPV. Some studies have measured acute and convalescent sera to diagnose MPV infection, while others have attempted to establish a serum neutralizing titer that correlates with susceptibility to infection. Inherent limitations of serological surveys include the potential for cross-reactive antibodies and the lack of standardized reagents for MPV.

### Laboratory Methods {#Sec47}

Most studies have used RT-PCR to detect MPV due to the difficulty in cultivating the virus. The original isolation of MPV in tertiary monkey kidney cells was possible because the investigator had access to a monkey kidney cell source that was free of the endogenous simian foamy virus (A.D.M.E. Osterhaus, personal communication). Primary monkey kidney cells commercially available in the USA all contain SFV, and even the addition of anti-SFV antisera cannot prevent the growth of this endogenous virus prior to the slow emergence of MPV. Further, the fusion protein of MPV requires cleavage by exogenous trypsin for robust in vitro growth. Trypsin is added by most clinical virology laboratories only to cultures of Madin-Darby canine kidney (MDCK) cells for the isolation of influenza virus; however, MDCK cells are very poorly permissive for MPV even in the presence of trypsin. Finally, primary isolation of MPV often requires one or more passages prior to visible CPE and few laboratories routinely follow this procedure. Unlike RSV, MPV is not particularly labile to freeze-thaw cycles \[[@CR183]\] and thus can be retrospectively isolated from PCR-positive specimens. Fluorescent antibody staining of patient specimens or shell vial cultures can facilitate more rapid identification \[[@CR184]--[@CR187]\].

Thus, molecular diagnostic techniques have been used for virtually all studies of MPV epidemiology. A number of sensitive and specific real-time RT-PCR assays have been described \[[@CR188]--[@CR195]\]. Many early assays were based on limited sequence data and subsequently were found to be suboptimal for detecting multiple diverse strains \[[@CR195]\]. Both individual and multiplexed RT-PCR assays offer more sensitive detection of MPV than culture; however, multiplex assays sometimes balance decreased sensitivity for a single agent with the convenience of detecting multiple viruses simultaneously \[[@CR196]\]. Another limitation of molecular detection for all viruses is the ability to detect low levels of viral nucleic acid in the absence of infectious virus. It has become common to detect more than one virus in a single specimen, and the interpretation of these data is far from clear. Community respiratory viral infections are frequent in childhood, and the likelihood of detecting viral genome prior to the onset of illness or for prolonged periods after illness resolution complicates the assignment of causation to one of several co-detected viruses.

Biological Characteristics {#Sec48}
--------------------------

MPV is an enveloped pleomorphic virus ranging in size from 150 to 600 nm, containing a single-stranded negative-sense RNA genome \[[@CR178]\]. Complete genomic sequences of numerous MPV strains have been published \[[@CR178], [@CR180], [@CR197]\]. The genome comprises eight separate open reading frames encoding nine distinct proteins (Fig. [26.1](#Fig1){ref-type="fig"}). MPV genes are analogous to those of RSV (though NS1 and NS2 are absent in MPV), but the organization of genes differs. AMPV and MPV have been taxonomically classified in the separate *Metapneumovirus* genus based on the gene order. Phylogenetic analysis of MPV genes consistently identifies four genetic clades, two major groups designated A and B, each with two minor groups designated A1, A2, B1, and B2 \[[@CR180], [@CR198]--[@CR203]\]. One group has suggested further sublineages based on partial F sequence diversity \[[@CR204]\], but there is no evidence that this further genetic distinction is of any antigenic or immunologic importance.

The two major surface proteins are the fusion (F) and attachment (G), with a third integral membrane short hydrophobic (SH) protein. F is the target of neutralizing antibodies in animal models, F-only vaccines induce protection in animals, and F-specific monoclonal antibodies provide passive protection \[[@CR205]--[@CR213]\]. In contrast, G-specific antibodies do not neutralize virus and G-only vaccines induce neither neutralizing antibodies nor protection \[[@CR206], [@CR209], [@CR214]\]. Thus, it appears that MPV is unique among human paramyxoviruses in that the attachment protein does not contribute to protective antibodies. Further, the G protein exhibits a high degree of genetic variability between subgroups, with as low as 29 % amino acid identity between the major A and B subgroups and a minimum 60 % identity within subgroups \[[@CR202], [@CR215]--[@CR218]\]. The selective pressure for this diversity is unclear.

In contrast to G, the F protein is conserved, with a minimum 94 % amino acid identity between A and B subgroups and a minimum 98 % identity within subgroups \[[@CR179], [@CR202], [@CR203]\]. Presumably there are functional constraints on the diversity of F, since the mutation rate of MPV is high, similar to other RNA viruses. The major question regarding the diversity between major or minor subgroups is whether it contributes to antigenic variation or escape in human populations.

Cross-neutralization against heterologous virus from the A and B lineages was tested using experimental infection of ferrets \[[@CR202]\]. This study found relative neutralization of homologous to heterologous virus ranging from 12 to 96-fold difference, thus providing some evidence for antigenic serotypes. However, subsequent experiments using hamsters, African green monkeys, chimpanzees, and rhesus macaques found that the A and B groups were 64--99 % related antigenically \[[@CR219]\]. Infected animals developed neutralizing antibodies that were highly effective against heterologous virus, and previously infected primates were protected against challenge with heterologous virus. Cynomolgus macaques infected with A or B subgroup viruses or with candidate vaccines exhibited only a 6--16-fold difference in neutralizing titer against homologous and heterologous viruses \[[@CR220], [@CR221]\]. Taken together, these data show that while MPV F exhibits some antigenic diversity, the virus does not have truly distinct serotypes. The potential implications for human epidemiology are discussed further below.

Descriptive Epidemiology {#Sec49}
------------------------

### Incidence and Prevalence Data {#Sec50}

Numerous studies document the fact that MPV infection is ubiquitous and that reinfection is common. Serosurveys testing large sample collections in Canada, China, Croatia, Germany, Israel, Japan, the Netherlands, Taiwan, Thailand, the USA, and Uruguay show that 95--100 % of children have antibodies against MPV by the age of 5 years \[[@CR222]--[@CR231]\]. In many of these studies, 50--75 % of children are seropositive by age 2 years, suggesting that most acquire primary MPV infection early. Most identify a decrease in serum MPV antibody titer from birth to 6--12 months, presumably due to the expected decline of maternally derived antibodies. Studies in Japan and India that compared MPV and RSV titers in the same cohort found that after the expected nadir during early infancy, RSV titers began increasing at an earlier age than MPV \[[@CR232], [@CR233]\]. This finding is interesting in light of epidemiologic data suggesting that primary MPV infection peaks between 6 and 12 months of life compared with the peak of RSV at 2--3 months (discussed below). Longitudinal studies in adults and children have documented reinfection by a fourfold rise in serum antibody titer \[[@CR222], [@CR230], [@CR231], [@CR234]--[@CR237]\].

### Risk of Infection and Reinfection {#Sec51}

The serological data show that MPV infection is nearly ubiquitous during the first years of life. Further, reinfection occurs throughout life. In children, primary MPV infection is associated commonly with lower respiratory illness, while reinfection is associated with upper tract disease \[[@CR182], [@CR238]\].

### Risk of Serious Lower Respiratory Infection (LRI) During Infancy {#Sec52}

Most epidemiologic studies of MPV in children show that the virus is the second leading cause of lower respiratory infection after RSV. The prevalence of MPV in studies of children with LRI is 5--25 %. A 25-year prospective study of otherwise healthy children \<5 years old detected MPV in 12 % of children with LRI; several children experienced recurrent infection \[[@CR182]\]. A 2-years multicenter study of inpatient and outpatient Japanese children with ARI identified MPV in 57/637 (8.9 %) \[[@CR239]\]. A 5-years observational study of otherwise healthy Korean children \<5 years old found MPV in 24/515 (4.7 %), similar to the rates for influenza and parainfluenza virus type 3 (PIV-3) \[[@CR240]\]. A very large observational study in Queensland, Australia, tested specimens obtained from patients of all ages with LRI from 2001 to 2004; MPV was detected in 707/10,025 (7.1 %). Ninety-two percent of patients with MPV were \<5 years old, and MPV was the second most common virus after RSV in these children \[[@CR241]\]. A South African group tested specimens from children hospitalized with ARI who were subjects in a prospective pneumococcal vaccine trial; MPV was present in 126/1,409 (8.9 %) and was the most common virus after RSV. The estimated incidence of MPV-associated hospitalization in HIV-negative children was 29/1,000; a number of children had repeat infections \[[@CR242]\]. A prospective study of hospitalized children in Hong Kong over a 13-month period found MPV in 32/587 (5.5 %); the estimated incidence of MPV-associated hospitalization was 4.4 per 1,000 children \<6 years old \[[@CR243]\]. A Chinese group conducted a prospective 2-years study of children hospitalized with ARI and identified MPV in 227/878 (25.9 %), with most \<6 years old \[[@CR244]\]. A large, population-based, prospective surveillance study conducted in three US cities over 6 years found that the incidence of hospitalization for MPV in children \<5 years old was 1 per 1,000, lower than the rate of RSV-associated hospitalization in the same cohort (3/1,000) but similar to the rates for influenza (0.9/1,000) and PIV-3 (0.5/1,000) \[[@CR245]\].

### Role of MPV Infections in Adults {#Sec53}

Respiratory disease is among the leading causes for hospitalization of adults in the USA, and "influenza and pneumonia" ranks among the top 10 causes of deaths annually. Although the data are limited, MPV appears to be associated with a substantial burden of ARI in adults, primarily those with comorbidities. A prospective study in Rochester, NY, enrolled four cohorts during four winters: healthy adults \>65, high-risk adults \>65 with comorbidities, healthy adults 19--40 years old, and adults hospitalized for acute cardiopulmonary illness \[[@CR246], [@CR247]\]. Overall, MPV infection was detected in 8.5 % of ARI in the cohort. The rate of MPV infection was highest in young adults at 13 %, though many of these were asymptomatic and detected only serologically. Of note, this group had a mean age of 33, was predominantly female, and had daily exposure to children. Of the hospitalized patients, the incidence of MPV annually ranged from 4.4 to 13.2 %. More than 85 % of the hospitalized MPV-infected subjects had underlying conditions, chiefly cardiopulmonary disease or diabetes mellitus. There were six deaths in this study, all with comorbidities; one had concomitant bacteremia with *Streptococcus pneumoniae*. Interestingly, the incidence of MPV infection was similar to the annual average infection rate for RSV (5.5 %) and influenza A (2.4 %) in these cohorts during the same study period.

A prospective, population-based study in Nashville, TN, recruited adults hospitalized for ARI at several county hospitals over three winters \[[@CR248]\]. Of 508 subjects, 23 (4.5 %) had MPV, 33 (6.5 %) influenza, and 31 (6.1 %) RSV. Notably, MPV-infected subjects were significantly older than influenza-infected subjects (mean 76 vs. 60 years) and had higher rates of chronic cardiopulmonary disease (78 % vs. 52 %). The overall population-based rates of hospitalization for the three viruses were similar, at 1/1,000 for MPV, 1.5/1,000 RSV, and 1.2/1,000 for influenza. However, for subjects ≥65 years, hospitalization rates were much higher for MPV and RSV at 2.2/1,000 for MPV and 2.5/1,000 for RSV compared to 1.2/1,000 for influenza, likely reflecting the use of influenza vaccine for older adults. A prospective study of community-acquired pneumonia in Canada found MPV in 4 % of hospitalized cases during an 18-month period, all with underlying conditions \[[@CR249]\]. A Dutch group detected MPV in 2 % of bronchoalveolar lavage specimens from intensive care unit patients. All were \>50 years old with comorbid conditions and 83 % died \[[@CR250]\]. Similarly, a retrospective study in North Ireland found MPV in only 0.8 % of residual respiratory specimens from adults, but 33 % of these died \[[@CR251]\]. Together, these data show that MPV is an important cause of acute respiratory disease in adults, primarily older adults or those with underlying comorbid conditions.

### Role of MPV Infections in Patients with Asthma {#Sec54}

MPV is associated with acute asthma exacerbations \[[@CR252]--[@CR254]\]. MPV was detected in 10 of 132 hospitalized Finnish children with acute wheezing \[[@CR255]\]. Similarly, MPV was isolated from 7 % of adults hospitalized for acute asthma exacerbation, only one of whom tested positive 3 months later \[[@CR256]\]. Premature infants who developed MPV bronchiolitis within the first year of life had decreased lung function at 1 year of age \[[@CR257]\]. A prospective, case-control study of children with MPV bronchiolitis during infancy compared to infants with acute gastroenteritis found that MPV infection early in life was significantly associated with a later diagnosis of asthma and recurrent wheezing at 5 years of age \[[@CR258]\].

### Role of MPV in Infections with Underlying Cardiopulmonary Disease {#Sec55}

MPV causes severe disease in children with comorbid conditions such as cardiac and pulmonary disease or prematurity \[[@CR259]--[@CR263]\]. A prospective 1-year study of hospitalized children found that 34 % of patients with MPV had a history of prematurity, chronic lung disease, complex congenital heart disease, or immunodeficiency \[[@CR264]\]. Vicente et al. detected MPV by RT-PCR in 6 % of adults \>64 years old with acute exacerbations of COPD; none had other pathogens identified by culture or PCR \[[@CR265]\]. A Canadian study found that 4 % of hospitalized adults with community-acquired pneumonia or COPD exacerbations tested positive for MPV, all with comorbid conditions; one also had influenza A and *S. pneumoniae* \[[@CR266]\]. RSV was present in 9 % and influenza A in 6 % of the cohort. MPV was detected in 12 % of adults hospitalized for COPD exacerbation during one winter in Connecticut, none with other viruses co-detected; RSV was present in 8 % and influenza A in 4 % of the entire cohort \[[@CR267]\].

### Role of MPV Infections in Patients with Immunodeficiency {#Sec56}

Severe and fatal MPV disease can occur among immunocompromised individuals, including solid organ and stem cell transplant recipients, HIV-infected persons, and chemotherapy patients \[[@CR268]--[@CR275]\]. MPV is associated with morbidity and mortality in adults with hematologic malignancies and stem cell transplant; \[[@CR270], [@CR276]\] MPV was detected in bronchoalveolar lavage specimens from 5/163 (3 %) episodes of acute respiratory infection in stem cell transplant recipients, and four died \[[@CR270]\]. HIV-positive South African children with MPV were significantly more likely to receive a diagnosis of pneumonia and experience longer hospitalization, lower mean oxygen saturation, and bacteremia; further, HIV-positive children were fivefold more likely to be infected with MPV than HIV-negative children \[[@CR242]\].

### Role of MPV in Nosocomial Infection {#Sec57}

MPV has been implicated in several hospital and institutional outbreaks leading to mortality \[[@CR277], [@CR278]\]. Kim and colleagues \[[@CR279]\] report the transmission of MPV to pediatric hematology-oncology patients during a nosocomial outbreak. The incubation period was between 7 and 9 days. Standard, but not droplet, precautions were used. In laboratory studies, infectious virus persists on metal and nonporous surfaces for up to 8 h \[[@CR183]\]. Due to the significant morbidity and mortality of MPV in high-risk children, isolation precautions are important.

### Role of MPV in Different Clinical Syndromes {#Sec58}

MPV is associated with both upper and lower respiratory tract disease \[[@CR182], [@CR280]--[@CR282]\]. Rhinorrhea and cough are the most frequent symptoms, while hoarseness, laryngitis, sore throat, and croup are less common \[[@CR238]--[@CR241], [@CR243], [@CR282]\]. A large prospective study of children with URI detected MPV in 5 % of patients, similar to RSV, influenza, and PIV but less frequent than adenovirus and rhinovirus. In these children with URI associated with MPV, fever was present in 54 %, coryza in 82 %, cough in 66 %, pharyngitis in 44 %, hoarseness in 8 %, and conjunctivitis in 3 % \[[@CR280]\]. MPV is associated with acute otitis media and has been detected in nasal secretions and middle ear fluid \[[@CR182], [@CR280], [@CR283]--[@CR285]\].

Signs and symptoms of LRI with MPV include cough, wheezing, and rhonchi. A large Chinese study of children with acute respiratory infections found that wheezing was more common in children with MPV than with RSV \[[@CR282]\]. In that study, children with MPV were diagnosed with pneumonia significantly more than children with RSV, 47 % versus 31 % (*p* = 0.002). Conversely, a larger percentage of children with RSV were diagnosed with bronchiolitis compared to MPV, 62 % versus 42 %, respectively (*p* \< 0.001). Other studies also note the trend toward a higher percentage of children with MPV and pneumonia compared to RSV \[[@CR182], [@CR238], [@CR245]\] although this is not always statistically significant \[[@CR243]\].

MPV has been associated rarely with neurologic complications, including febrile seizures and altered mental status, but there is no conclusive evidence for direct neural infection. One case report describes a patient who died and had MPV isolated by RT-PCR from brain and lung tissues \[[@CR286]\]. MPV was detected by RT-PCR in nasal specimens from 4 of 1,570 persons with encephalitis of unknown etiology \[[@CR287]\]. Several other reports describe the detection of MPV in a respiratory specimen from patients with encephalitis \[[@CR286], [@CR288]--[@CR290]\]. Only one case reports detection of MPV in cerebrospinal fluid \[[@CR291]\].

### Epidemic Behavior {#Sec59}

The incidence of viral infection varies between countries and years, but MPV circulates in every year \[[@CR176], [@CR182], [@CR239]--[@CR241], [@CR243], [@CR282], [@CR292]--[@CR296]\].

### Geographic Distribution {#Sec60}

Epidemiologic studies have verified the presence of MPV worldwide.

### Temporal Distribution {#Sec61}

MPV is present during all months in temperate regions, although predominant in late winter-early spring, often following the peak of RSV (Fig. [26.2](#Fig2){ref-type="fig"}) \[[@CR176], [@CR182], [@CR191], [@CR239], [@CR241], [@CR246], [@CR264], [@CR280], [@CR282], [@CR294], [@CR297]\]. Fig. 26.2Number of infants admitted to hospital with acute respiratory illness and the seasonality of RSV and MPV in Austria from 2000 to 2007 (*top panel*). The weeks of onset and end of RSV and MPV activity (*bottom panel*) are defined as the first of 2 consecutive weeks where \>10 % of specimens test positive by PCR and the last week of \>10 % positive preceding 2 consecutive weeks of \<10 % positive. Gray indicates total tested; yellow, RSV; red, HMPV (Used with permission from Aberle et al. \[[@CR298]\])

In subtropical climates such as Hong Kong, a spring-summer season similar to RSV occurs \[[@CR243]\]. Biannual peaks of seasonality have been described in some European studies \[[@CR298], [@CR299]\]. Annual rates of MPV-associated ARI are lower than RSV and comparable to parainfluenza virus types 1--3 combined and influenza \[[@CR240], [@CR241], [@CR243], [@CR282], [@CR294], [@CR300]\] although MPV does on occasion surpass RSV in incidence \[[@CR293]\].

### Occurrence in Different Settings {#Sec62}

Multiple outbreaks have been reported in nursing homes and other long-term care facilities (LTCF). MPV was the only pathogen identified in an outbreak of ARI that occurred over a 6-weeks period at a Quebec LTCF, with 6 PCR-confirmed and 96 epidemiologically linked probable cases. There were three deaths among the confirmed and nine deaths among the probable cases \[[@CR278]\]. A California study described an outbreak of ARI in 26/148 (18 %) residents and, importantly, 13 staff of a LTCF; MPV was confirmed in 5 residents, 2 of whom were hospitalized, and no other viruses were detected in any case \[[@CR301]\].

### Environmental Risk Factors {#Sec63}

Attendance in out-of-home day care, breast-feeding, and passive smoke exposure are not significantly associated with MPV infection \[[@CR245]\]. MPV infection is not associated with lower socioeconomic status.

### Other Factors {#Sec64}

Viral coinfection has been suggested with MPV; dual infection with RSV and MPV increased the risk of PICU admission compared to RSV alone in one small study \[[@CR302]\]. However, this finding was refuted by subsequent larger reports \[[@CR303]--[@CR305]\]. Other studies demonstrate no significant difference in children with coinfections, including adenovirus, bocavirus, coronavirus, influenza virus, parainfluenza viruses, or RSV \[[@CR240], [@CR241], [@CR282], [@CR293], [@CR306], [@CR307]\].

MPV has four distinct genetic lineages or subgroups: A1, A2, B2, and B2 \[[@CR202], [@CR203], [@CR218]\]. The predominant subtype varies by year and location \[[@CR241], [@CR280], [@CR293], [@CR297], [@CR308]\]. In Italy, over a 3-years period, all four subtypes were identified each season but the predominant subtype changed. In 2001--2002, A1 accounted for 59 % of all strains, the following year B1 and B2 were present equally, and in 2003--2004, 72 % of strains were A2 \[[@CR308]\]. Similar variation was observed over 20 years in a US study, with multiple subgroups present in most seasons (Fig. [26.3](#Fig3){ref-type="fig"}) \[[@CR280]\]. Fig. 26.3Rates, by year, of each genetic lineage of human metapneumovirus. Data are from specimens collected from children with acute respiratory infection between 1982 and 2001 in the Vanderbilt Vaccine Clinic (Used with permission from Williams et al. \[[@CR280]\])

It is unclear whether viruses from different subgroups differ in virulence. A study in Spain reported that children with group A infection more frequently had pneumonia and higher disease severity \[[@CR309]\], while in Canada, group B was associated with more severe disease in hospitalized patients \[[@CR261]\]. Patients with group B strains in a French study were more likely to have abnormal chest radiographs but did not have significant differences in oxygen saturation, hospitalizations, or clinical severity scores \[[@CR310]\]. Other studies have found no major distinctions in disease severity \[[@CR239], [@CR241], [@CR311]\], laboratory abnormalities \[[@CR228]\], or symptoms \[[@CR240]\] between subgroups. Group A viruses replicate more efficiently in animal models, suggesting some meaningful biological differences between groups \[[@CR219], [@CR220]\].

Mechanisms and Routes of Transmission {#Sec65}
-------------------------------------

MPV is an enveloped virus and thus inactivated by soap, disinfectants, or alcohols. Spread is thought to occur by direct or close contact with contaminated secretions. Infectious virus can persist at room temperature, especially nonporous surfaces, for up to 8 h \[[@CR183]\]. Contact precautions are recommended as for RSV with meticulous hand hygiene. Cohorting of patients and caregivers should be considered during outbreaks in care facilities.

Pathogenesis and Immunity {#Sec66}
-------------------------

Human data are limited; studies in rodents and nonhuman primates reveal mild erosive and inflammatory changes in the mucosa and submucosa of the airways, with viral replication observed in ciliated epithelial cells in the respiratory tract \[[@CR312]--[@CR314]\]. Inflammatory infiltrates with a lymphocytic and monocytic predominance are present in perivascular and peribronchial areas. Sumino and colleagues \[[@CR315]\] reviewed the lung pathology of five adults with MPV infection. Histopathology in three patients demonstrated acute, organizing lung injury with diffuse alveolar membrane formation and the presence of smudge cells. The fourth patient had no evidence of lower respiratory tract infection, and the fifth patient had nonspecific acute and chronic inflammation. A similar study in children revealed chronic inflammatory changes of the airways with intra-alveolar macrophages \[[@CR316]\]. A major limitation of reports of human pathology is that patients had been mechanically ventilated prior to death, making it difficult to distinguish virus-induced pathology from barotrauma and nonspecific inflammation.

MPV lacks genes present in other paramyxoviruses that inhibit interferon responses; nevertheless, MPV is capable of blocking type I interferon responses by an unknown mechanism \[[@CR317], [@CR318]\]. MPV and other respiratory viruses induce pulmonary CD8+ T cells that fail to secrete IFNγ or exhibit cytotoxic degranulation in response to viral peptides; these impaired CD8 T cells resemble exhausted CD8 T cells induced by chronic infections such as HIV and hepatitis C virus \[[@CR319]\].

Humans develop neutralizing antibodies to MPV, and passive antibodies alone can protect in animal models. However, immunity wanes over time and likely provides limited cross-protection between subgroups, since reinfections occur in children and adults \[[@CR246], [@CR248]\] with genetically different strains \[[@CR182], [@CR239], [@CR240], [@CR268], [@CR320]\] as well as strains from the same subgroup \[[@CR280]\]. Early protection against reinfection following primary infection was confirmed in macaques; however, when challenged 12 weeks later, virus replication was detectable despite the presence of serum antibodies \[[@CR220]\]. Eleven months later, antibody levels had waned still further, and all macaques challenged with heterologous virus and two of three animals reinfected with homologous virus had no evidence of protection \[[@CR220]\]. A prospective study in humans noted that baseline MPV antibodies were lower in patients who subsequently became infected versus those who did not become infected \[[@CR321]\]. Thus, cross-protection and duration of antibody responses are important issues for vaccine development.

Patterns of Host Response {#Sec67}
-------------------------

### Symptoms {#Sec68}

MPV causes both upper and lower respiratory tract signs and symptoms clinically indistinguishable from disease associated with RSV and other respiratory viruses \[[@CR182], [@CR239], [@CR300], [@CR322], [@CR323]\]. Fever is present in most cases, especially children \[[@CR239]--[@CR241], [@CR243], [@CR264], [@CR280], [@CR293]\]. Transient maculopapular rash has been described in a minority of patients \[[@CR241], [@CR243], [@CR293]\], and vomiting or diarrhea are described with low frequency \[[@CR182], [@CR239], [@CR243]\]. Laboratory abnormalities are uncommon, although one study identified 27 % of patients with elevated ALT and AST values \[[@CR293]\]. White blood cell count and C-reactive protein were not significantly different between RSV and MPV \[[@CR238], [@CR282]\].

MPV is rarely detected in asymptomatic persons \[[@CR182], [@CR191], [@CR324]--[@CR326]\], though in otherwise healthy young adults, MPV infection can be subclinical \[[@CR246]\]. The duration of shedding in healthy individuals is approximately 7--14 days \[[@CR239], [@CR327]\].

### Diagnosis {#Sec69}

Detection in cell culture requires prolonged incubation and is both insensitive and often impractical. Shell vial culture offers increased sensitivity over traditional culture \[[@CR184], [@CR328]\]. IFA has demonstrated a sensitivity of 73 % and specificity of 97 % with RT-PCR as the gold standard \[[@CR329]\]. DFA has shown similar results \[[@CR330]\]. Commercial antibody kits for immunofluorescent detection of MPV are available. RT-PCR is most commonly used for detection of the virus in epidemiologic studies and is becoming more common in clinical laboratories \[[@CR176], [@CR320], [@CR331], [@CR332]\]. Real-time RT-PCR targeting the conserved N gene has high sensitivity for detection of all four subgroups \[[@CR189], [@CR195]\].

Control and Prevention {#Sec70}
----------------------

### Treatment {#Sec71}

The primary therapy for MPV infections is supportive care, including oral or intravenous hydration, monitoring of respiratory status and oxygen saturation, supplemental oxygen, and mechanical ventilation for frank respiratory failure. There are no licensed antivirals for MPV. Reports of pharmacologic treatment of MPV are limited to severely ill or immunocompromised patients. Ribavirin, an antiviral agent used in severe RSV infection, reduced inflammation and viral replication in mice with MPV infection \[[@CR333]\]. Commercial intravenous immunoglobulin (IVIG), ribavirin, and NMSO3 (a sulfated sialyl lipid) effectively inhibited MPV in vitro \[[@CR334], [@CR335]\]. Ribavirin, with and without IVIG, has been used in immunocompromised adults \[[@CR336]\]. Bonney and colleagues \[[@CR337]\] reported successful treatment of an immunocompromised child with MPV using IV ribavirin and IVIG. Subsequently, oral ribavirin and inhaled ribavirin with IVIG have been used \[[@CR275], [@CR338]\]. However, no randomized, controlled trials have been conducted, and these data should be regarded as purely anecdotal.

### Immunoprophylaxis {#Sec72}

Human and murine monoclonal antibodies exhibit therapeutic efficacy in rodent models and thus offer potential for immunoprophylaxis \[[@CR210], [@CR211], [@CR213]\].

### Vaccines {#Sec73}

A number of vaccine approaches for MPV have been investigated. The F protein is conserved between subgroups, immunogenic, and the only target of neutralizing antibodies; in contrast to RSV, the MPV G protein does not induce neutralizing antibodies and is not a protective antigen \[[@CR206], [@CR209], [@CR214]\]. A recombinant parainfluenza virus encoding the MPV F protein demonstrated protection against MPV \[[@CR339]\], and soluble F protein vaccines reduced viral titers in cotton rats and hamsters \[[@CR207], [@CR208]\]. Reverse genetics technology has been developed for MPV and has been used to produce recombinant strains for vaccine development \[[@CR197], [@CR340]\]. Viruses lacking the G, M2-1, M2-2, or SH proteins or with point mutations are attenuated and immunogenic in rodent and primate models \[[@CR197], [@CR221], [@CR341]--[@CR344]\].

Unresolved Problems {#Sec74}
-------------------

The major unresolved problems in MPV epidemiology and research involve understanding mechanisms of disease and developing therapeutic or preventive strategies. Abundant evidence shows that MPV is a significant cause of acute respiratory disease, especially in the very young, older adults, and persons with underlying conditions. As with all mucosal viruses, the short incubation period of MPV combined with the transient nature of mucosal IgA means that reinfection is possible throughout life. However, serum IgG appears to offer protection against severe lower respiratory involvement, and thus a vaccine would likely ameliorate the most severe cases. The best candidate vaccine is not yet clear. Further, MPV has as yet unidentified mechanisms to subvert host immunity. Elucidation of these pathways might help guide vaccine development and uncover novel host targets for immunomodulation.
